Presence of the dw3 sorghum dwarfing gene had negative effects on grain yield in some genetic backgrounds and environments. In a previous study we showed that this was due to a significant reduction in shoot biomass (mainly via reduced stem mass), which in turn negatively affected grain size. The current study examines whether shoot biomass was reduced via effects of dw3 on traits associated with resource capture, such as leaf area index (LAI), light interception (LI), and canopy extinction coefficient (k) or with resource use efficiency, such as radiation use efficiency (RUE). Three pairs of near-isogenic sorghum lines differing only in the presence or absence of the dwarfing allele dw3 (3-dwarfs vs 2-dwarfs) were grown in large field plots. Biomass accumulation and LI were measured for individual canopy layers to examine canopy characteristics of tall and short types. Similar to the previously reported effects on grain yield, the effects of dw3 on RUE, LI and k varied among genetic backgrounds and environments. Interactions between dw3 and genetic background, but also interactions with environment are likely to have modulated the extent to which RUE, LI, or k contributed to biomass differences between tall and short sorghum.
Introduction
A positive correlation between plant height and grain yield is often reported for sorghum (Graham and Lessman, 1966; Campbell and Casady, 1969; Doggett, 1988; Morgan and Finlayson, 2000; Jordan et al., 2003) . Partly this is due to a direct negative effect of the presence of the sorghum dwarfing gene dw3 on grain yield (Hadley et al., 1965; Casady, 1967; Campbell and Casady, 1969; Campbell et al., 1975) . The two most widely used dwarfing genes in wheat, Rht-B1b and Rht-D1b, on the other hand, are generally associated with higher grain yield per plant (Austin et al., 1980; Gale and Youssefian, 1985; Borner et al., 1993; Flintham et al., 1997) . This has been attributed to only moderate reduction in overall plant biomass and reduced competition from the stem leading to improved floret fertility and consequently increased grain number in the presence of either of these dwarfing genes (Gale and Youssefian, 1985; Miralles et al., 1998) . More recently, some of the gibberellin-responsive wheat dwarfing genes Rht4, Rht12 and Rht13 have also been found to have positive effects on grain number (Rebetzke et al., 1999) .
In a recent sorghum study, reduced competition from the stem due to the presence of the dw3 dwarfing gene had no positive effect on grain number (George-Jaeggli et al., 2011) , most likely because this was off set by a reduction in crop growth rate, resulting in little effect on panicle growth rate and hence grain number (van Oosterom and Hammer, 2008) . Rather, the presence of dw3 was associated with reduced grain size, which negatively affected grain yield in some genotypes and environments (George-Jaeggli et al., 2011) . More importantly, in some cases the effects of dw3 on overall plant biomass were rather large, mainly due to large reductions in stem mass, but to a lesser extent also related to a negative effect of dw3 on tiller mass (George-Jaeggli et al., 2011) . Under wellwatered conditions, biomass accumulation is the product of light interception (LI) and radiation use efficiency (RUE). LI is a function of leaf area index (LAI) and canopy light extinction coefficient (k) (Beer-Lambert-Boguer Law) .
Earlier studies found no difference in light interception between tall 2-dwarf sorghum genotypes and that of shorter 3-dwarf types (Graham and Lessman, 1966) . Interestingly though, a very tall, 1-dwarf sorghum hybrid was reported to have significantly greater radiation use efficiency (RUE, above-ground biomass produced per unit light intercepted) than standard 3-dwarf hybrids . In the absence of stress, RUE is mainly dependent on maximum leaf photosynthetic rate and generally shows very little within-species variation (Sinclair and Muchow, 1999) . The RUE calculated for the 1-dwarf sorghum hybrid was closer to the value of 1.6-1.7 g MJ −1 (based on total solar radiation) usually reported for maize (Sinclair and Muchow, 1999) and therefore more than 20% greater than the values of 1.2-1.3 g MJ −1 normally reported for grain sorghum (Muchow and Davis, 1988; Muchow and Sinclair, 1994; Sinclair and Muchow, 1999; Gilbert et al., 2003) . RUE values reported for sugarcane, another C4 species, were also similar to the values found in maize (Sinclair and Muchow, 1999) . Commercial grain sorghum hybrids are generally much shorter than maize or sugarcane crops, but also much shorter than the material they originated from. Up to four dwarfing genes are combined in countries where machine harvesting prevails, reducing plant height from up to 4 m down to around 60 cm (Doggett, 1988) . It is curious therefore that the 1-dwarf sorghum, which was of similar height as a maize crop, had a 20% greater RUE than grain sorghum crops of standard height. This raises the question whether plant height might affect RUE. To study the effects of height separate from the effects of other genes, we used isogenic lines that differed in just one allele (dw3).
The objective of this study was to determine whether a reduction in shoot biomass in response to dw3 was associated with reduced RUE or reduced radiation capture (LAI, LI or k).
Materials and methods

Plant material
Standard sorghum grown in industrialised countries is usually recessive at three of four known dwarfing loci reducing plant heights of up to 4 m to a more manageable 90 cm (Doggett, 1988) . Because dwarfing genes are loss-of-function mutations (Quinby and Karper, 1954) , but one of the dwarfing alleles (dw3) is unstable and frequently reverts back to its tall wildtype (Multani et al., 2003) , we were able to develop isogenic pairs that differed just by one dwarfing gene from three different inbred lines R931945-2-2, R955343-1, and R955637 (George-Jaeggli et al., 2011) . Each dwarfing gene can reduce plant height by as much as 50 cm depending on genetic background and presence of other dwarfing genes (Quinby and Karper, 1945) . Because we used spontaneous reverse mutations in 3-dwarf backgrounds, we were comparing near-isogenic 2-dwarfs (tall) and 3-dwarfs (short) in different backgrounds. Within these near-isogenic pairs we refer to stature (tall and short) as the effects of the absence or presence of dw3. For two of these inbred lines (R931945-2-2 and R955637), near-isogenic pairs were used to produce F1 hybrids, by crossing the inbred lines with A923171, an elite cytoplasmic male sterile female line from the Queensland breeding programme. R931945-2-2 is a low-tillering, elite male parent line used in the public sorghum breeding programme in Queensland. R955343-1 and R955637 are two male parent lines with moderate tillering. In addition, an unrelated 1-dwarf hybrid from India (CSH13R) and one of its parental lines (RS29) (which are both 1-dwarfs and therefore taller than the 2-dwarfs), were included in Experiment 2 to see whether the previously reported high radiation use efficiency of CSH13R was associated with a change in the canopy extinction coefficient. ), lowest pan evaporation (6.1 mm), and highest relative humidity (66.4%). Exp1 (23.7 MJ m −2 ) had higher mean daily solar radiation than Exp2 (22.3 MJ m −2 ), but the two experiments had similar mean daily pan evaporation (6.8 mm), whereas mean daily relative humidity was slightly lower in Exp1 (58.9%) than Exp2 (60.2%). The mean maximum temperature until anthesis was lower in Exp1 (27.0 • C) than in Exp2 (31.2 • C) and Exp3 (30.5 • C), but the average minimum temperature until anthesis was similar across experiments (13.2-13.6 • C).
Experimental details
The experiments were conducted under non-limiting nutrient conditions and were planted on full profiles of subsoil moisture. The experiments were irrigated as soon as an estimated deficit of 30 mm was reached, to prevent any water limitation. Exp1 experienced some water limitation towards harvest. In Exp1, 300 kg ha −1 of superphosphate with copper and zinc, 100 kg ha −1 of muriate of potash, and 120 kg ha −1 of N were applied at sowing. A further 60 kg ha −1 of N was applied at both floral initiation and anthesis. As the soil profile for Exp2 and Exp3 already contained 390 kg ha −1 from an earlier fertiliser application, 163 kg ha −1 of N and 7 kg ha −1 of zinc were applied prior to sowing of both experiments and a further 45 kg ha −1 of Granulock (Incitec, N 10.5%, P 19.5%, S 2.2%, Z 2.5%) was applied at sowing. Weeds and insect pests were controlled as required.
Plots were eight rows wide with 0.75 m row spacing. Plot length was 10 m in Exp1 and Exp3 and 20 m in Exp2. The row orientation was approximately north to south. To eliminate shading effects from neighbouring plots, only the middle four rows were used for measurements. Two further guard rows between all plots were planted with a commercial 3-dwarf hybrid. All plots were thinned to 10 plants m −2 around two weeks after emergence.
Treatments in each experiment consisted of the factorial combination of 2-dwarf and 3-dwarf isolines. Exp1 was laid out as completely randomised blocks with three replicates and consisted of two hybrid pairs (A923171/R931945-2-2 ± dw3 and A923171/R955637 ± dw3) and two inbred line pairs (R931945-2-2 ± dw3 and R955637 ± dw3). In Exp2 and Exp3, treatments (genetic background × stature) were arranged in latinised rowcolumns with four replicates. Exp2 contained two inbred line pairs (R931945-2-2 ± dw3 and R955637 ± dw3) and Exp3 contained one hybrid pair (A923171/R931945-2-2 ± dw3) and two inbred line pairs (R931945-2-2 ± dw3 and R955343-1 ± dw3). In addition, CSH13R and its parental line RS29 (both 1-dwarf) were grown in Exp2 but not used in the factorial analysis.
Biomass samples
In each experiment, biomass samples were collected during early growth (40, 29 and 30 days after sowing (DAS) in Exp1, 2 and 3 respectively) and at anthesis (70-75 DAS). A further three harvesting dates were added in Exp2 for the calculation of the canopy light extinction coefficient (43, 53 and 85 DAS). For each biomass sample, plants from 1 m row were cut at ground level from the four centre rows per plot (3 m 2 ).
In the laboratory, a representative subsample was used for detailed measurements. Green leaf area was measured with an electronic planimeter (DIAS image analysis system, Delta-T Devices Ltd., Cambridge, UK). In Exp2, biomass samples were divided into five canopy strata of 20 cm (3-dwarfs), 30 cm (2-dwarfs) and 50 cm (1-dwarfs) for estimation of the canopy extinction coefficient (k).
Plant samples were dried in a forced-draft oven at 80 • C until no further mass loss was detected.
Light interception measurements
In all three field experiments, tube solarimeters (Delta-T Devices, Cambridge, UK) coupled to a data logger (CR10X, Campbell Scientific Inc., Logan, USA) and calibrated against a reference solarimeter, were used to measure total intercepted radiation (MJ m −2 ). Solarimeters were placed at ground level and positioned at an angle between two rows so that each end was directly under a row of plants and the solarimeter covered the inter-row space. Senesced leaves on plants around the solarimeters were removed on a regular basis. To estimate the canopy light extinction coefficient k, plots in two replicates of Exp2 were equipped with racks that held multiple solarimeters, to measure transmitted radiation of five different canopy strata. The racks were orientated similarly to the ground solarimeters and in a manner that ensured minimum shading of the tube solarimeters by the structure of the racks.
Fractional light transmission was calculated as the ratio of the reading for each solarimeter inside the canopy to that for the reference tube above the canopy. The fraction intercepted light was calculated as one minus the fraction transmitted. The daily integral of incident shortwave radiation (MJ m −2 ) was measured via a calibrated pyranometer (CM 11/14, Kipp&Zonen, Delft, Holland), located in a meteorological station adjacent to the experiment. The calculated fraction of intercepted radiation and the measured daily total incident radiation were used to calculate daily intercepted radiation by the crop.
To augment the continuous measurements of light interception measured with the solarimeter racks that were installed in two replicates only, spot interception readings were taken with a PAR-80 linear ceptometer (Decagon Devices Inc., Pullman, Washington) in all replicates.
Radiation use efficiency
The efficiency with which intercepted radiation is used to produce biomass is defined as radiation use efficiency (RUE) (Sinclair and Muchow, 1999) . It can be estimated from the ratio of accumulated biomass ( Biomass) to cumulative light interception ( LI) during a defined period of time (Eq. (1)).
Accumulated biomass was calculated for each plot as the difference in biomass between a biomass sample taken during early growth (at 29-40 DAS, depending on Exp) and another sample taken at anthesis. Corresponding cumulative light interception by the entire canopy of that plot was calculated for the same period.
Canopy light extinction coefficient (k)
Cumulative LAI (from the top of the canopy) and daily integrated light interception of the various strata were used to estimate k in Exp2. Data from the spot measurements (ceptometer) in all replicates were used to augment the continuous solarimeter measurements from two replicates. The value of k for each genotype and harvest date was calculated by fitting a non-linear regression of cumulative fractional interception on cumulative LAI throughout the canopy using Eq. (2), derived from the Beer-Bouguer-Lambert Law (Monsi and Saeki, 1953) .
where LI and LAI are cumulative fractional light interception and leaf area index from the top of the canopy, respectively, and LI max is the maximum fractional light interception. Analysis of covariance was used to test for effects of harvest date and genotype on this relationship. As harvest date was found to have no significant effect, data from the five different harvest dates were pooled and Eq. (2) was solved for k for each genotype after fitting a constant value of 0.971 for LI max . A two-tailed t-test was used to determine whether k-values for each genotype were significantly different from one another at P = 0.05.
Data analysis
Due to the unbalanced data set across experiments, variance components were estimated using the residual maximum likelihood (REML) method (Payne et al., 2007) . Experiment, Background and Stature were fitted as fixed effects using Eq. (3), to test for main effects and interactions of factors and replicates were fitted as random effects.
Parameter Value = Constant + Experiment + Background
where Experiment is a factor with three levels (Exp1, Exp2, Exp3), Background (genetic background) a factor with five levels (A923171/R931945-2-2, A923171/R955637, R931945-2-2, R955637, R955343-1) and Stature a factor with two levels (−dw3, +dw3)). GenStat was used for regression analyses (Payne et al., 2007) .
Results
Effects of stature on LAI, LI and k
Tall (2-dwarf) plants intercepted significantly more light up to anthesis than their short (3-dwarf) comparisons (P < 0.001, Tables 1 and 2 ). However, the effects of stature on light interception differed between experiments as indicated by a significant E × S interaction (P = 0.047, Table 2 ). Differences in light interception between tall and short canopies were much more pronounced in Exp1 and Exp2 than in Exp3 (Fig. 1) . This was mainly due to greater LI by the short canopies (especially the short of R931945-2-2) in that experiment.
Stature did not affect total leaf area at anthesis and differences in LI did not generally seem to be associated with differences in LAI (Table 2) . However, within the R931945-2-2 background there was a trend for greater leaf area of the tall compared with their corresponding short canopies (Table 1) . Stature did affect tiller leaf area (Table 1) , but in different directions in the different genetic backgrounds (P = 0.017). In Exp2 and 3, where main stem and tiller leaf area were measured separately, in both the R931945-2-2 and the R955343-1 backgrounds, 2-dwarfs had greater tiller leaf area compared to the 3-dwarfs. In the R955637 background, however, the 3-dwarf had greater tiller leaf area at anthesis compared with the 2-dwarf (Table 1) .
The greater light interception of 2-dwarf compared with 3-dwarf plants was also not associated with longer leaf area duration as 2-dwarfs actually reached anthesis slightly (1.2 days) earlier than 3-dwarfs (George-Jaeggli et al., 2011). dw3 had no effect on final leaf number of the main shoot as 2-dwarf and 3-dwarf genotypes had similar leaf numbers (data not shown). Table 1 Total plant height, total leaf area index (LAI) at anthesis, LAI of tillers, intercepted radiation accumulated by anthesis (LI) and pre-anthesis radiation use efficiency (RUE) for pairs of isogenic sorghum genotypes differing in the number of dwarfing genes and grown in three field experiments. Two 1-dwarf genotypes (CSH13R and RS29) were grown in Exp2 only, but were not included in the cross experimental data analysis. Values shown for those two genotypes are replicate means.
Experiment (E)
Genetic n.s.: not significant (P > 0.05), n.a.: not applicable (due to incomplete levels of comparison across all three experiments). * Significant at P < 0.05. ** Significant at P < 0.01. *** Significant at P < 0.001. While neither total LAI, nor leaf area duration seemed to explain the greater light interception of the two 2-dwarfs compared with the 3-dwarfs, both of these factors contributed to the greater light interception of CSH13R and RS29. These two 1-dwarf hybrids intercepted nearly 100% more light than the 3-dwarf genotypes (Table 1 ), but they also had nearly 50% greater LAI and flowered around 10 days later than the 3-dwarfs.
Stature had a significant effect on k (P = 0.025) in Exp2 and k was greater in the 2-dwarfs compared with their 3-dwarf comparisons (Table 3) . Within individual pair comparisons, the difference was very small for the R931945-2-2 isogenic pair (Fig. 3a) , but more substantial in the R955637 pair (Fig. 3b) . In comparison, the two 1-dwarf hybrids had high values of k (Table 3) . Across the six entries (Table 3) , there was a significantly negative linear relationship between k and the number of dwarfing genes (R 2 = 0.67, n = 6, P = 0.029).
Effects of stature on RUE
Stature had a significant effect on pre-anthesis RUE (P < 0.001, Table 2), with tall types generally having greater RUE than their short counterparts (Table 1, Fig. 1) . However, the effects of stature on RUE depended on genetic background as the B × S interaction was significant (P = 0.039, Table 2 ). The effect of stature on RUE was largest in the R931945-2-2 background and smallest in the R955637 background. In addition, there was a significant E × S interaction (P = 0.002), as the effect of stature on RUE tended to be smallest in Exp2 (Table 1, Fig. 1) . Consistent with this, the 1-dwarf Table 3 Estimated k values from the fit of Eq. (2) LI = LImax(1-exp (−k × LAI) ) to treatments in Experiment 2, number of samples (N) and confidence interval. Values followed by the same letter are not significantly different at P < 0.05. Effect of dw3 on shoot biomass (%) genotypes, which were only grown in Exp2, had similar RUE to the 2-dwarf and 3-dwarf isogenic lines. The small effect of stature on RUE in Exp2 was associated with low effects of stature on biomass in that experiment, indicating that a large difference in RUE between the tall and dwarf mutants was associated with a large difference in biomass accumulation (R 2 = 0.88, n = 9, P < 0.001, Fig. 2) 
Genetic
Effec t of dw3 on radiation use efficiency (%)
Exp1
Discussion
Increased plant height due to the absence of the dw3 dwarfing gene has been associated with increased shoot biomass at anthesis (George-Jaeggli et al., 2011). As differences in shoot biomass were largely due to differences in stem biomass, 2-dwarfs had more stem reserves per grain available for translocation which was beneficial for grain size and (dependent on environmental and genetic background effects on grain number) led to increased grain yield in some cases (George-Jaeggli et al., 2011) . In this paper we examine the factors underpinning the differences in shoot biomass accumulation between tall (2-dwarf) and short (3-dwarf) sorghum.
If water and nutrients are non-limiting, biomass production can be represented by the product of light interception (LI), and radiation use efficiency (RUE). LI in turn depends on k and LAI. There was no clear indication of a single physiological determinant that exclusively underpinned biomass differences between height isolines in our experiments. The results showed some differences in all three determinants, LI, k, and RUE, but their importance differed among genetic backgrounds and experiments. We conclude that the genetic background in which the near-isogenic pairs were developed significantly affected the response to the presence of dw3, which is supported by the fact that even the extent of height reduction varied among the pairs. For example, dw3 reduced total plant height by about 50 cm in the R931945-2-2 genetic background, 40 cm in the R955637 background and only 20 cm in R955343-1. Any attempt to manipulate height in sorghum to increase grain yield potential would have to take into consideration whether and if so, which dwarfing alleles would be involved and the interactions that might exist with genetic background and environmental factors.
The context dependency of the effects of dw3 affected radiation capture
Stature significantly affected LI and on average 2-dwarfs intercepted about 6% more light by anthesis than their 3-dwarf comparisons, although this effect differed among experiments (Tables 1 and 2 , Fig. 1 ). Light interception, in turn, depends on green leaf area and k, but none of these factors exclusively affected LI across the different genotypes. While total LAI was not significantly different between tall and short types, tall types had more tiller leaf area than their short counterparts in two of the genetic backgrounds (Table 1) . This is consistent with a trend for fewer tillers in the 3-dwarfs compared with their 2-dwarf counterparts George-Jaeggli et al., 2011) . Reduced tiller number due to the presence of dw3 has been reported previously (Hadley et al., 1965; Campbell and Casady, 1969) . While main stem leaves in sorghum are opposite and therefore directly above one another, tiller leaves tend to grow in between the main stem leaves into different directions and greater leaf area on tillers might have led to reduced shading and thus greater light interception per unit of leaf area in the tall types, especially in the R931945-2-2 and R955343-1 backgrounds that have more horizontal leaves than R955637. The R931945-2-2 line is further known as a low tillering line and the extra tillers when dw3 is absent seem to have a positive effect on total LAI. Together with a slightly greater k (Table 3) this might explain the greater LI of the tall types in this genotype. However, greater tiller number did not explain the increased LI of the tall type with the R955637 background as tiller leaf area was either similar (Exp1) or slightly reduced (Exp2) in the tall compared with the short type in the R955637 pair (Table 1 ). Greater light interception by the tall type of this genotype must therefore to a greater extent be due to a difference in k, which is supported by the results from Exp2 (Table 3) . In Exp3, the trend for greater tiller leaf area in the tall types was generally much less pronounced in all of the pairs and tall and short types also intercepted similar amounts of radiation in that experiment. Environmental interactions, such as the balance between temperature and radiation conditions, may alter the tillering response (Kim et al., 2006) and possibly explain some of the differences in response between experiments. For example, there was lower radiation in Exp3 for a similar high temperature, which may have led to smaller differences in tiller number between short and tall types. This shows how intrinsic characteristics of the background genotype, such as propensity to tiller, affect the response to dw3, but this interaction is further affected by environmental factors.
Interestingly, a large part of the success of the semi-dwarfing genes in increasing grain yield of wheat and rice during the Green Revolution was due to their positive effects on tiller number (Khush, 2001 ). This further highlights how important it is to assess the effects of dwarfing genes depending on context. Similarly, differences in k between tall and short types were significant, but quite small and possibly of little consequence in the R931945-2-2 background (Table 3) . The difference was much greater in the R955637 background. This may also be due to intrinsic differences between the two genotypic backgrounds. While R931945-2-2 has horizontal leaves, the leaves of R955637 are more erect. The large decrease in k in the R55637 genotype when dw3 was present indicates that the leaves in the short canopy were even more erect. While we did not measure leaf angle, we did observe that the 3-dwarf of R955637 indeed had even more erect leaves than its 2-dwarf comparison. Canopies with more erect leaves have previously been associated with lower k values (Goudriaan, 1988) . It is likely that the small k in the short canopy of R955637 led to lower intercepted radiation despite greater LAI. However, canopies with low light extinction coefficient and greater leaf area index have been described as more productive as radiation is distributed at a lower intensity level (below light saturation) over a larger leaf area (Fischer and Wilson, 1975) . This is similar to the elevated RUE associated with an increased proportion of diffuse radiation due to more effective distribution of light through the canopy (Hammer and Wright, 1994) . Hence, differences in k might underpin differences in RUE.
While we observed a negative correlation between the number of dwarfing genes and k, the opposite was found in wheat, where k increased with increasing dosage of dwarfing alleles . This is further evidence that the effects of dwarfing genes on canopy characteristics are dependent on genetic background in interaction with the environment.
4.2. The context dependency of the effects of dw3 likely also affected the RUE response RUE was significantly affected by stature and on average 2-dwarfs had 10% greater RUE than 3-dwarfs (Table 1) . However, as indicated by significant B × S and E × S interactions (Table 2) , this effect of stature also depended on the genetic background and environment and on two occasions, 3-dwarfs with the R955637 background actually had slightly greater RUE than their 2-dwarf comparisons (Fig. 1) . As greater RUE in the short compared with the tall types was only observed in the R955637 genotype and the 3-dwarf of that genotype also had the lowest k values, it is plausible that more even distribution of light compensated for the reduction in RUE that was associated with dwarfing in the other genotypes. Conversely, the lower RUE in the short R931945-2-2 was associated with only a small change in k (Table 3 ). While such interactions with genetic background may have led to the observed discrepancies in response to dwarfing among pairs, inconsistencies in RUE responses across experiments (i.e. reduction in RUE in the short type of the R931945-2-2 inbred pair in Exp1 and Exp3, but not Exp2) are likely due to environmental factors. Presence of dw3 mainly affected RUE in Exp3, but LI in Exp2, and both LI and RUE in Exp1 (Fig. 1) . This environment context dependency may explain the contrast in results for CSH13R between Exp2, where CSH13R differed from other genotypes in LI, rather than RUE (Table 1) , and the results from the previous study by Hammer et al. (2010) , who reported that CSH13R had greater RUE, rather than greater LI than 3-dwarf sorghum. Changes to the radiation environment (Sinclair, 1986; Wright et al., 1993; Sinclair and Muchow, 1999) , temperature (Garcia et al., 1988; Hammer et al., 1989; Bell et al., 1992; Andrade et al., 1993; Wright et al., 1993) and vapour-pressure deficit (Stockle and Kiniry, 1990) have all been reported to affect RUE. Furthermore, interactions between the effects of dw3 on tiller number and the environment are plausible. Such environment by allele interactions have been described for the wheat semi-dwarfing genes (Mathews et al., 2006) .
A negative correlation between RUE and increasing dosage of dwarfing alleles was also observed for wheat . This supports the idea that RUE is likely a main driver of differences in biomass accumulation between tall and short sorghum, but interactions between dw3 and both the genetic backgrounds in which the near-isogenic pairs were developed and the environments in which these were grown, have masked this effect in our experiments.
Many reported values of RUE for grain sorghum during the vegetative phase are within the range of 1.2-1.3 g MJ −1 total solar radiation (Muchow and Davis, 1988; Muchow and Sinclair, 1994; Gilbert et al., 2003) . The RUE values found in some of the tall types in this study were considerably greater (around 20%) than these published values for elite 3-dwarf hybrids. However, the large increase in RUE of the 1-dwarf CSH13R that was reported earlier was not found. Rather than increased RUE, both 1-dwarfs (CSH13R and RS29) showed greater radiation interception (Table 1 ) compared with the shorter 2-and 3-dwarfs. However, the RUE value found for the tall type of the A923171/R931945-2-2 pair in Exp3 was similar to the very high RUE reported from that earlier study with CSH13R. These differences with previously published experiments are further confirmation of the context dependency of the effect of dw3 on RUE.
Therefore, interactions between dw3 and genetic background, but also interactions with environment are likely to have modulated the importance of RUE, LI and k in determining biomass production. Such interactions would have to be taken into account, if breeding for taller sorghum to improve yield potential was envisaged.
Factors that might explain greater RUE of tall plants
Under well-watered conditions, RUE is dependent on the lightsaturated leaf photosynthetic rate (Sinclair and Horie, 1989 ) which in turn is either related to efficiencies within the photosynthetic pathway itself or decreased maintenance respiration costs. For example, increased leaf nitrogen content is often an indication of greater photosynthetic rate and radiation use efficiency (Sinclair, 1986; Muchow and Davis, 1988) . Although greater RUE of maize compared to 3-dwarf sorghum has been associated with greater SLN of maize (Muchow and Davis, 1988) , it is unlikely greater RUE of 2-dwarf hybrids was associated with increased SLN. This is supported by data from a different study with CSH13R which show that its SLN is in fact lower than that of some 3-dwarf hybrids, because of dilution of leaf N due to larger individual leaf size and increased stem N demand that was not compensated by increased N uptake .
The RUE values reported here are based on above-ground biomass only. The restriction in stem elongation in the presence of dw3 may cause excess assimilates to be directed to root growth, resulting in an increased root-to-shoot ratio. This has been observed with the Rht semi-dwarfing genes in wheat and the sdw1 semi-dwarfing gene in barley (Chloupek et al., 2006) , although root-shoot partitioning was unlikely to account for differences in RUE between maize and sorghum (Muchow and Davis, 1988) . Root mass across sorghum genotypes has been found to range from 10 to 30% of total plant mass (Hammer et al., 1997; Choudhury, 2001 ) and changes in root-to-shoot ratio are therefore theoretically large enough to account for the changes in aboveground biomass of up to 20% in response to the sorghum dwarfing gene (George-Jaeggli et al., 2011).
Conclusion
dw3 negatively affected sorghum shoot biomass mainly via a reduction in stem mass. This was previously shown to have negative effects on seed size which in some backgrounds and environments led to reduced grain yield, but not in others. The factors leading to a biomass reduction also strongly depended on genetic background and environment and were not exclusively due to either amount of light intercepted, canopy light extinction, or radiation use efficiency. While 2-dwarf plants intercepted more light than 3-dwarfs, (often associated with increased tillering), this increase did not explain all of the difference in biomass and RUE was also greater in some 2-dwarfs. However, the canopy light extinction coefficient was consistently reduced in the short compared with the taller plants and it was particularly small in the R955637 background, possibly explaining why this genotype did not show a reduction in RUE and biomass in response to the dwarfing gene. Measurements of root biomass are needed to clarify whether differences in root-shoot partitioning may also have contributed to observed differences in RUE. Inconsistencies across experiments may be due to variable environment by allele interactions. These context dependencies need to be taken into consideration if breeding programmes want to target taller stature in order to potentially increase grain yield.
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